Optical circulators are important components of modern day communication technology. With their ability to route photons directionally, these nonreciprocal elements provide useful functionality in photonic circuits and offer prospects for fundamental research on information processing. Developing highly efficient optical circulators thus presents an important challenge, in particular to realize compact reconfigurable implementations that do not rely on a magnetic field bias to break reciprocity. We demonstrate optical circulation based on radiation pressure interactions in an on-chip multimode optomechanical system. We show that mechanically-mediated optical mode conversion in a silica microtoroid provides a synthetic gauge bias for light, which enables a 4-port circulator by exploiting tailored interference between appropriate light paths. We identify two sideband conditions under which ideal circulation is approached. This allows to experimentally demonstrate ∼10 dB isolation and < 3 dB insertion loss in all relevant channels. We show the possibility of actively controlling the bandwidth, isolation ratio, noise performance and circulation direction, enabling ideal opportunities for reconfigurable integrated nanophotonic circuits.
INTRODUCTION
Optical circulators route photons in a unidirectional fashion among different ports, with diverse applications in advanced communication systems, including dense wavelength division multiplexing and bi-directional sensors and amplifiers. Their operation offers opportunities for routing quantum information [1, 2] and to realize photonic states whose propagation in a lattice is topologically protected [3, 4] . Traditionally, nonreciprocal elements such as circulators and isolators have relied on applied magnetic bias fields to break time-reversal symmetry and Lorentz reciprocity. While significant progress has been made towards introducing magneto-optic materials in photonic circuits [5] , realizing low-loss, linear, efficient, and compact photonic circulators on a chip remains an outstanding challenge. In recent years, coupledmode systems that create an effective magnetic field using parametric modulations have been recognized as powerful alternatives [1, [6] [7] [8] [9] [10] [11] [12] . Optomechanical systems, where multiple optical and mechanical modes are coupled through radiation pressure [13] [14] [15] , provide an effective platform to realize such modulation [16] [17] [18] . Nonreciprocal transmission and optical isolation were demonstrated in several optomechanical implementations, including ring resonators, photonic crystal nanobeams, and superconducting circuits [19] [20] [21] [22] [23] . Recently, nonreciprocal circulation for microwave signals was reported in a superconducting device exhibiting directional frequency conversion [24] . Here, by leveraging a synthetic gauge field created in a multimode optomechanical system, we realize a compact and highly reconfigurable on-chip circulator in the photonic (telecommunication) domain. The working principle, relying on tailored interfering paths, allows for operation at equal-frequency input and output fields and could be applied in a wide variety of platforms. We reveal the importance of control fields to regulate the nonreciprocal response and identify two distinct regimes, with and without employing optomechanical gain, where this response can approach ideal circulation.
RESULTS
Our experimental system consists of a high-Q microtoroid resonator [25] that is simultaneously coupled to two tapered optical fibres, forming four ports through which light can enter and exit (Fig. 1A) . The microtoroid supports nearly degenerate odd and even optical modes -superpositions of clockwise and counterclockwise propagating waves -coupled through a mechanical breathing mode, to form a three-mode optomechanical system. A control beam incident through port 1 populates both modes, labelled by i = {1, 2}, with intracavity control fields α i that exhibit π/2 phase difference [26] . When detuned from the cavity, these control fields induce linear couplings between the mechanical resonator and both cavity modes at rates g i = g 0 α i , where g 0 is the vacuum optomechanical coupling rate [13] . For reddetuned control (Fig. 1B) , photon transfer from mode 1 to mode 2 via the mechanical resonator then takes place at rate µ m = 2g Our system is fully equivalent to the general FabryPérot model sketched in Fig. 1C , where the beamsplitters impart a π/2 phase shift on reflections from either side. From each port the two cavities are then excited with the same π/2 phase difference as the even and odd modes in the ring resonator. In absence of optomechanical coupling this realizes a reciprocal 'add-drop' filter: off-resonant light propagates from port 1(3) to port 2(4) and vice versa, while resonant light is routed from 1(2) to 4(3). However, in the presence of a control beam at a frequency ω L detuned from the cavity frequencies ω 1,2 by∆ = −Ω m , with Ω m the mechanical resonance frequency, a weaker probe beam at frequency ω p = ω L + ω (Fig. 1B) experiences an optomechanically induced transparency (OMIT [28] ) window when ω ≈ Ω m : the probe is routed from port 1 to 2 rather than 'dropped' in port 4. This behaviour is quantified in Fig. 1D , which shows scattering matrix elements s ij , signalling transmission from port j to i, for two control powers. These are obtained from a rigorous coupled-mode model describing the optomechanical three-mode system (Materials and Methods). The response is clearly nonreciprocal: the OMIT window for s 21 (green curves, left panel) does not occur for probe light incident from port 2 (grey), which remains dropped in port 3 (purple, right panel). Likewise, light from port 3 is suppressed (grey) and routed to port 4, etc. The optomechanical interactions in this multimode system thus allow nonreciprocal add-drop functionality, which can also be related to momentum-matching of intracavity control and probe fields [16] . For proper bias conditions this yields a circulator, i.e., a control beam incident from port 1 or 3 allows probe transmission 1→2, 2→3, 3→4, 4→1, whereas a control from port 2 or 4 reverses the circulation direction.
In experiment, we measure circulation using a heterodyne technique (Materials and Methods) to obtain transmission spectra for all 16 port combinations that constitute the 4 × 4 scattering matrix. The studied microtoroid has nearly degenerate optical modes at ω i /2π = 196.7 THz with intrinsic loss rate κ 0 /2π = 8.3 MHz, and supports a mechanical breathing mode at Ω m /2π = 50.12 MHz (Γ m /2π = 62 kHz). The two optical modes are assumed to have equal total loss rates κ = κ 0 +κ a +κ b , where κ a,b are exchange losses to waveguides a and b. Figure 2A shows the measured probe transmittances in the direct (1↔2) and add-drop (2↔3) channels when the control is detuned to the lower mechanical sideband of the cavity (∆ 1,2 ≈ −Ω m ). OMIT is observed in the copropagating direct channel (|s 21 | 2 ), accompanied by reduced transmission in the add-drop channel (|s 23 | 2 ). The OMIT features are absent in reverse operation of the device, which thus exhibits nonreciprocal transport. The overall effect is optical circulation in the direction 1→2→3→4→1 (see Supplementary Materials for all 16 scattering matrix elements).
To understand the role of mechanically-mediated mode transfer in the observed response, we recapitulate the operation of conventional add-drop filters: when a probe signal from port 1(3) does not excite the two modes (e.g. because it is off-resonance), it interferes constructively in port 2(4) and vice versa (Fig. 2D) . When the probe does excite both modes, their π/2 phase difference means that light constructively interferes in the drop port (e.g. 1→4, Fig. 2E ). However, a control beam reconfigures this behaviour through nonreciprocal mode conversion. Now a probe signal incident from port 1 reaches each mode either directly or via the parametric mode conversion process. As a result of the ±π/2 phase shift associated with the mode-transfer paths, the direct and mode-transfer path destructively interfere in both cavities (Fig. 2F) . Consequently, a probe from port 1 does not excite the modes and is transmitted to port 2 instead of 4. In contrast, a probe from port 2 excites both modes with opposite phase difference, such that interference inside the cavities is constructive and light is routed to port 3 (Fig. 2G) . Therefore, circulation can only occur in a properly configured two-mode optical system. In particular, the presence of a direct scattering path between ports 1 and 2 (and 3↔4) is crucial to induce the appropriate phase shift and interference causing circulation.
The strength of the optomechanical interactions be- tween the optical modes and the mechanical resonance is tuned by the control laser power and can be parametrised by the cooperativities C i ≡ 4|g i | 2 /κΓ m . Perfect optical circulation, with infinite isolation and zero insertion loss, is approached at high cooperativities and vanishing intrinsic loss κ 0 (Fig. 1D ). Stronger nonreciprocity is thus obtained for larger optomechanical coupling than currently achieved in our experiment (Fig. 2 , limited by thermal instabilities), which reached C ≡ C 1 + C 2 = 0.31 (obtained from a global fit of the 4×4 transmittance matrix, see Supplementary Materials). Moreover, the isolation could be increased by increasing the normalized coupling rates η a,b = κ a,b /κ such that the exchange losses to the waveguides overcome the intrinsic cavity losses (η a,b = (0.19, 0.25), κ/2π = 14.8 MHz in Fig. 2 ).
Generally, the performance of add-drop filters is limited by a finite mode splitting µ = (ω 2 − ω 1 )/2, which in ring resonators results from surface inhomogeneities that directly couple clockwise and counterclockwise propagating waves [29] . This changes the relative phase with which both (odd and even) modes are excited, leading to small (∼ −16 dB) reflection (|s 33 | 2 ) and cross-coupling (|s 31 | 2 ) signals in our circulator ( Fig. 2B ) indicative of a normalized mode splitting δ ≡ 2µ/κ = 0.19. Interestingly, the optomechanical interaction suppresses these unwanted signals over the nonreciprocal frequency band (Fig. 2B ). Assuming equal control powers in the optical modes (g 2 = ig 1 ) the resonantly reflected signal at port j of waveguide a,b reads
(see Supplementary Materials). A large cooperativity thus annihilates unwanted reflection (and likewise crosscoupling). This can be understood by recognizing that the nonreciprocal mode coupling at rate µ m then dominates the direct optical coupling µ, making the impact of the latter on optical response negligible.
One way to overcome the limitation on isolation due to intrinsic loss is to introduce gain. This naturally occurs in our system when the control beam is detuned to the blue mechanical sideband (∆ 1,2 ≈ Ω m ) [13] . In this regime, the device still acts as a circulator, but with opposite handedness 1 ← 2 ← 3 ← 4 ← 1, since the mode conversion process for blue-detuned control fields has opposite phase, i.e., µ m = 2g 1 g * 2 /Γ m . As a result, constructive and destructive intracavity interference happen opposite to the scenarios depicted in Figs. 2F-G. Now, a probe signal co-propagating with the control beam experiences optomechanically induced absorption. Figure 3A plots the probe transmittances for the direct and add-drop channels for∆ 1,2 ≈ Ω m . We indeed observe a reduction of co-propagating probe signal due to induced absorption (grey data points). Moreover, and resulting from mode splitting, counter-propagating signals (colored data points) experience OMIT, which significantly enhances the nonreciprocal system response. This response is characterised by inspecting the complete 4×4 transmittance matrix (for ω L −ω p = Ω m ) shown in Fig. 3B . Besides displaying a clear asymmetry, we use this matrix to calculate the per-channel isolation (∼ 10 dB or more) and insertion loss ( 3 dB) as displayed in Fig. 3C . The properties of the realized circulator agree well with the prediction of our model for a cooperativity of C = 0.63 (Fig. 3D) . Importantly, our theory predicts (Supplementary Materials) that loss and gain can be balanced to give complete blocking(transmittance) in unwanted(preferred) directions. For C = 1 this condition reads δ 2 = 2η, resulting in a nonreciprocal bandwidth Γ m (1 − C/(1 + δ 2 )) and finite backreflections δ 2 , which can be relatively small in an undercoupled scenario.
DISCUSSION
In addition to the transport properties, the noise performance of the circulator is important for faithful signal processing, especially for applications in the quantum domain. Assuming equal control powers in both modes, the added noise N j (ω) at port j due to thermal occupation of the mechanical moden th can be written at resonance as
, where the upper(lower) sign corresponds to a red(blue) detuned control respectively. Interestingly, the noise added to the ports is independent of the direction of circulation and ports 1 and 3 have noise contribution only in the presence of split optical modes (δ = 0). Active control over δ thus presents the possibility to steer noise, choosing to protect either source or receiver. For degenerate modes, the thermal bath adds less than 1 photon (N 2,4 (±Ω m ) < 1) in the optical ports when C(1 ± C) −2 < 1/(4n th η a,b ), showing that it is beneficial to use high-frequency mechanical resonators exhibiting smaller thermal populations. Moreover, this regime is more easily met for a red-detuned control, where an increased cooperativity widens the OMIT peak [28] and distributes the noise over a larger bandwidth. In contrast, a blue-detuned control deteriorates this bandwidth and thus requires more stringent conditions onn th . As such, to achieve strong circulation at small control power, blue detuning can be beneficial, whereas to maximize bandwidth and noise performance, the red-detuned regime is preferred. It would be good to ascertain whether schemes that include more optical or mechanical modes would allow increased flexibility to mitigate noise and improve bandwidth.
In conclusion, we demonstrated nonreciprocal circulation of light through radiation pressure interactions in a three-mode system, with active reconfigurability regulated via the strength, phase and detuning of control fields. Our experiments and theoretical model recognize different regimes of circulating response and reveal the general importance of destructive intracavity interference between direct and mode-conversion paths on the device properties. These principles can lead to useful functionality for signal processing and optical routing in compact, on-chip photonic devices.
MATERIALS AND METHODS

Experimental details
The microtoroid is fabricated using previously reported techniques, see e.g. [25] . The sample is placed in a vacuum chamber operated at 3 × 10 −6 mbar and room temperature.
Two tapered optical fibres, mounted on translation stages, are positioned near the toroid to couple the waveguides and optical modes. Three electronically controlled 1×2 optical switches (SW) are used in tandem to launch the probe beam into one of the four ports. A schematic of the experimental set-up is provided in the Supplementary Materials. A tunable laser (New Focus, TLB-6728) at ω L is locked to one of the mechanical sidebands of the cavity mode, with a Pound-Drever-Hall scheme, and launched in port 1. The output of a vector network analyser (VNA, R&S ZNB8) at frequency ω drives a Double-Parallel MachZehnder Interferometer (DPMZI, Thorlabs LN86S-FC) to generate the probe beam at frequency ω p = ω L ± ω. The DPMZI is operated in a single-sideband suppressedcarrier mode, allowing selection of the relevant sideband at frequency ω p = ω L + ω or ω p = ω L − ω. The power and polarisation of the control and probe beams are controlled by variable optical attenuators and fibre polarisation controllers respectively. The probe beam exiting a port is combined with the control beam on a fast, low-noise photo detector whose output is analysed by the VNA. All four detectors are connected to the VNA through a 4×1 radio frequency switch (RFSW).
Scattering matrix for the optomechanical circulator Considering an optomechanical system that consists of two optical modes coupled to one mechanical mode, the modal amplitudes of the intracavity probe photons δa i (i = 1, 2) and the phonon annihilation operator b are governed by the following coupled dynamical equations [13] :
In these relations, the loss rate κ i of each optical mode i is defined as κ i ≡ κ 0,i +κ a,i +κ b,i , where κ 0,i refers to the intrinsic optical loss rate of the mode, and κ a,i , κ b,i are the exchange losses to waveguides a and b. The D-matrix elements d ji specify the coupling between input fields δs + j , incident from port j, and the optical modes. In addition, g 1,2 = g 0 α 1,2 and∆ 1,2 = ∆ 1,2 + (2g
2 ) respectively represent the enhanced optomechanical coupling and the modified frequency detunings, where ∆ 1,2 = ω L − ω 1,2 is the frequency detuning of the control laser with respect to the optical resonance frequencies.
Here, we consider a frequency splitting of 2µ between the resonance frequencies of the two optical modes, and without loss of generality assume ω 1,2 = ω 0 ∓ µ thus ∆ 1,2 =∆ ± µ. Equations (1,2) completely describe the behaviour of the system in connection with the inputoutput relations:
where the matrix C defines the port-to-port direct path scattering matrix of the optical circuit, while D and its transpose D T describe the mode-to-port and port-tomode coupling processes respectively. Using the rotating wave approximation, equations (1 -3) lead to the frequency-domain scattering matrix:
Here the upper and lower signs correspond to a control laser that is red-(∆ = −Ω m ) and blue-detuned (∆ = +Ω m ) with respect to the optical resonance. In addition, Σ ± m ≡ ω ∓ Ω m + iΓ m /2 and Σ o1,2 ≡ ω +∆ 1,2 + iκ 1,2 /2 respectively represent the inverse mechanical and optical susceptibilities, where∆ 1,2 =∆ ± µ. Note that µ m , the mechanically-mediated mode conversion rate, is identified from the off-diagonal elements of the M matrix.
The direct-path scattering matrix C for the sidecoupled geometry that describes both systems in Fig. 1A and Fig. 1C is
The D matrix is obtained from symmetry considerations, power conservation (
) and time reversal symmetry (CD * = −D) [30] . For the even and odd mode picture, the D matrix reads
Equation 4, combined with eqs. 5 and 6 fully specifies the scattering matrix of our 4-port circulator. We assume equal losses (κ 0,1 = κ 0,2 = κ 0 , κ a,1 = κ a,2 = κ a , κ b,1 = κ b,2 = κ b ) and equal control powers (g 2 = ig 1 = ig) in the two optical modes to fit the experimentally measured transmittances (|s ij | 2 ) using a global fitting procedure (see Supplementary Materials).
SUPPLEMENTARY MATERIALS
Section S1. Experimental setup Section S2. Measurement and fitting procedure for the transmittance matrix Section S3. Conditions for near-ideal circulation Section S4. Parametric instability threshold Section S5. Circulation bandwidth Section S6. Thermal noise Fig. S1 . Experimental setup Supplementary Materials for "Optical circulation in a multimode optomechanical resonator" Section S1. EXPERIMENTAL SETUP Figure S1 presents a detailed schematic of the experimental setup used in our experiment. Each port of the device is connected to an output of the optical switch network and to a fast detector (D) via commercially available fibre optic circulators (C, Thorlabs). The electronically controllable optical (SWi) and RF (RFSW) switches, along with the circulators, allow for straightforward measurement of the full transmittance matrix. Four fibre polarisation controllers (FPCs) placed directly after optical switches 2 and 3 ensure that the polarisation of the incoming probe fields can be matched to that of the cavity mode. The polarisation of the control field is separately controlled with a fifth FPC placed directly after the Electro-Optic Modulator (EOM). The FPCs are omitted in the schematic for clarity. We use the EOM for a Pound-Drever-Hall locking scheme that locks the control field to a motional sideband of the optical cavity. Furthermore, two variable optical attenuators (not shown in the schematic) placed after the DPMZI and the EOM control the power levels of the probe and control beams respectively. In our experiments with red-and blue-detuned control fields we used incident control powers of 60 µW and 214 µW, respectively. 
Section S2. MEASUREMENT AND FITTING PROCEDURE FOR THE TRANSMITTANCE MATRIX
To provide calibrated and reliable S-matrix elements, the following experimental protocol is followed: first, careful characterization of all the lossy elements between the microtoroid and detectors is performed. This includes all detector responses and losses associated with the commercial components and the tapered fibres. Next, both fibres are gently moved towards the microtoroid until the desired coupling strength is obtained. The latter step involves continuous spectroscopy over a frequency region around ω c , and is performed at higher probe power levels (∼ 1 µW) to allow direct measurements of all detector output voltages on an oscilloscope. These voltages are obtained by splitting the detector output lines just before the RFSW (not shown). For the direct channels (1 ↔ 2, 3 ↔ 4) it is then possible to use the measured off-resonance voltages to normalize the on-resonance cavity response, which directly yields the on-resonance transmittance efficiency.
Considering for example port 1 → port 2, the non-resonant voltage on D2, together with the response of the detector and losses of circulator C2 and tapered fibre, allows us to infer the actual power that entered port 1. Using the on-resonance voltages that are recorded by detectors D1/D3/D4 (obtained via fitting a Lorentzian lineshape) and compensating with the appropriate losses and detector response functions, we can then 1) determine the power exiting ports 1/3/4 and 2) calculate the reflection/cross-coupling/add-drop efficiencies. Raw VNA spectra are converted into transmittance spectra with the help of previously determined transmittance efficiencies. This post-processing involves the removal of a small portion of raw VNA spectroscopic data surrounding the mechanical resonance peak. Next, Lorentzian lineshapes are fitted to this cropped (and squared) VNA data, of which the fitted maxima are used to normalize the reflection, cross-coupling and add-drop spectra. For the direct channels, normalization is performed with respect to the minimum of the fitted line. All curves are then multiplied with their respective transmittance efficiencies to yield experimental data. Once the transmittances are obtained, the data around the mechanical resonance peak is included and fitted by varying the mode splitting and cooperativity as fit parameters. During fitting, Ω m , Γ m and κ 0 are held fixed, as they are obtained from independent spectroscopic measurements. To account for experimental drift during data acquisition, the only parameters that are allowed to vary between the different s-parameters are the control detunings∆. The transmittance spectra for the full 4 × 4 S matrix, including global fit, are shown in Fig. S2 (S3) for red(blue)-detuned control beam, respectively. 
Section S3. CONDITIONS FOR NEAR-IDEAL CIRCULATION
Here, we examine the scattering matrix of the circulator both in the red-and blue-detuned regimes and investigate the possibility of near-ideal circulation. For simplicity we assume that both the optical modes have equal losses (κ a,1 = κ a,2 = κ a , κ b,1 = κ b,2 = κ b , κ 0,1 = κ 0,2 = κ 0 and κ = κ 0 + κ a + κ b ) and are pumped with equal intensity and with π/2 phase difference (g 2 = ig 1 = ig). In addition, we focus only at the resonance frequency where the optomechanical intercations are maximal. For a red-detuned system (∆ = −Ω m ) at resonance (ω = Ω m ) the S matrix can be simplified to 
where, C = C 1 + C 2 represents the total cooperativity of both modes. In addition, we have defined
κ as the ratio of leakage losses to the total losses of each mode and δ = 2µ κ as the normalized frequency splitting of the even and odd modes.
Here, the aim is to maximize the clockwise port-to-port coupling coefficients, i.e., {s 21 According to Eq. (S1), ideal circulation can be acheieved in the limit of large cooperativities (C → ∞) and for zero internal losses when assuming equal mode coupling to the upper and lower waveguide channels (η a,b → 1/2). On the other hand, another interesting observation in the S matrix of Eq. (S1) is that the reflection coefficients and the cross-coupling terms are all proportional with the frequency splitting 2µ (appearing as δ in the S matrix). This can be understood easily in the basis of rotating whispering gallery modes. In such picture, any coupling between the counter-rotating modes is mediated through their mutual coupling rate µ which instead results in a finite reflection and coupling of the diagonal ports. 
which is similar to that of the red-detuned system when replacing C with −C. In a similar fashion, one can show that in this case a large cooperativity results in ideal circulation, however, this is an unphysical scenario given that in the blue-detuned regime large cooperativities give rise to parametric instabilities. On the other hand, the S matrix of Eq. (S2) exhibits interesting properties and can become close to that of an ideal circulator for critical choices of the parameters involved. Interestingly, compared to the red-detuned case, here the circulation direction is reversed, i.e., {s 12 , s 23 , s 34 , s 41 } can be close to unity while {s 21 , s 32 , s 43 , s 14 } are minimum. In fact, for a particular set of parameters, one can show that s 21 and s 43 become zero for
which clearly requires equal leakage rate for both channels η a,b = η. In addition, these conditions demand a total cooperativity larger than the ratio of internal loss to total losses (η 0 = 1 − 2η). Figure S5 depicts the cooperativity required to satisfy this condition for different values of η and δ. Interestingly, the choice of δ 2 = 2η demands a cooperativity of C = 1 which instead results in the following resonant S matrix:
According to this simple relation, near-ideal circulation can be achieved for C = 1 and δ 2 = 2η. On the other hand, one can reduce the reflection coefficients and diagonal port couplings by decreasing δ which instead requires a decrease in η. This latter scenario thus happens for a weak waveguide-cavity coupling.
Section S4. PARAMETRIC INSTABILITY THRESHOLD
For a blue-detuned control laser, the optomechanical system can enter a parametric instability regime. For a singlemode optomechanical system, the threshold cooperativity associated with the onset of instabilities is found to be C th = 1. Similar relation holds for the microtoroid system when assuming a degenerate pair of counter rotating modes where only one of the modes is populated by the control laser. However, assuming a finite coupling µ between the two modes, this relation is no longer valid. In this case, one would expect a higher cooperativity for bringing the system to instability threshold given that the active mode is coupled to another mode which is naturally lossy. For a blue-detuned system, the dynamical equations governing the optomechanical system in the absence of input probe signals can be written as: 
where the upper and lower signs correspond to red-and blue-detuned controls respectively. Figure S6 plots the output noise at port 2 for the case of red-and blue-detuned controls as a function of the cooperativity.
